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HYPOXIA IS A POTENTIALLY LIFE threatening event for humans and animals. The carotid body is a major hypoxia-sensing organ, and the stimulation of the carotid body by hypoxia induces cardiopulmonary and other systemic responses to adjust the delivery of oxygen to various organs (16) . Previous studies (6, 39) have shown that the DBA/2J and A/J strains of mice have strikingly different cardiopulmonary responses to hypoxia: the DBA/2J has robust responses to hypoxia, while the A/J has muted responses. In a mouse model of sleep-induced hypoxia, the DBA/2J strain demonstrated an increased sensitivity to hypoxia during sleep, compared with the A/J strain (35) . Thus these strains of mice are useful tools for investigating hypoxicsensitive mechanisms of the carotid body.
To elucidate a potential explanation that may contribute to this difference in hypoxic sensitivity, we previously examined carotid body morphology and volume in the adult male DBA/2J and A/J strains (43) . The results demonstrated that the DBA/2J strain has a significantly larger carotid body and contains a greater number of chemosensory glomus cells compared with the A/J strain. In the carotid body of the A/J mice, it is difficult to properly delineate the perimeter of the organ or identify clusters of glomus cells. Further, the glomus cells of the A/J carotid body appear distorted and lack typical glomus cell characteristics. Based on the study, intriguing questions have arisen such as what genes are involved in the differences, whether these differences exist from early neonatal ages (prenatal developmental anomaly), or if they occur during postnatal development. While searching for possible genes involved, our subsequent work (2) has demonstrated that a vast array of genes are expressed differently in the carotid bodies between the DBA/2J and the A/J strains at 4 wk of age. Among them glial cell line-derived neurotrophic factor (Gdnf), distal-less homeobox-2 (Dlx2), homeobox msh-like-2 (Msx2), and paired-like homeobox-2b (Phox2b) are more expressed in the carotid body of the DBA/2J mice. Gdnf and its multicomponent receptor family promote the growth and differentiation of neural tissues (31) . Dlx2 is responsible for sustaining and late-stage neural growth (1) . Msx2 is known to act on many cell types to promote cell proliferation, differentiation, and survival (20, 21, 34) . Further, Phox2b participates in the formation of central chemosensory neurons (38) as well as sensory ganglia associated with the reflex response of the carotid body (12) . Thus these genes clearly contribute to the development of neural tissues and thus may participate in the appropriate formation of the carotid body.
The current study extends the above mentioned works and focuses on the postnatal development of the carotid body morphology and possible contributing genes. It has been well recognized that morphology and function of the carotid body develop postnatally (7, 19, 41) . The size of the glomic tissue continues to rise from birth to 10 mo in humans (19) and up to 1 mo in rats (41) . Therefore, we have hypothesized that: 1) the carotid body of the DBA/2J mouse and that of the A/J mouse develop differentially after birth; and 2) the above-mentioned genes are expressed differently during the divergent growth of the carotid body in the DBA/2J and A/J strains of mice.
MATERIALS AND METHODS
Two series of experiments were designed to examine the two hypotheses described in the introduction. Morphological differences in the carotid body between the DBA/2J and A/J strains of mice were tested with methods used previously in adult mice (43) . The expression levels of the candidate genes that regulate neural growth were examined using real-time PCR techniques.
Animals. DBA/2J and A/J strains of mice were initially purchased from Jackson Laboratories (Bar Harbor, ME) and later bred in the animal facility of the Johns Hopkins Bloomberg School of Public Health. They were housed at ϳ22°C with a regulated light cycle (12:12-h light-dark cycle). Food (Harlan TEKLAD, Madison, WI) and water were provided ad libitum before tissue was harvested. All animal experiments were conducted in accordance with National Institutes of Health's guidelines (Guide for the Care and Use of Laboratory Animals, National Academy Press Washington, DC, 1996) , and the protocols were approved by the Animal Care and Use Committee of the Johns Hopkins University.
Tissue preparation. For morphological analysis, male DBA/2J and A/J mice, ages 1 day (1D), 1 wk (1W), 2 wk (2W), and 4 wk (4W), were used. For degeneration analysis and gene expression analysis, ages of 1W, 10 days (10D), and 2W were selected based on the morphological analysis. They were anesthetized with urethane by peritoneal injection (1.5 g/kg). Bilateral carotid bifurcations were exposed via a midline incision of the neck, thus permitting visualization of the carotid body region. The heart was excised to prevent excessive bleeding into the region. Carotid bifurcations were harvested and placed without cleaning into either 10% neutral buffered formalin solution (Sigma) for morphological observation or 0.5% Zn Acetate/Zn Cl Tris-Ca acetate buffer (4) for immunohistochemistry. For gene expression analyses, carotid bifurcations were harvested and deposited into chilled PBS. Carotid bodies and sympathetic cervical ganglia (SCG) were cleaned of extraneous tissue, separately deposited in ice-cold TRIzol reagent (Invitrogen), and frozen at Ϫ80°C until use.
Morphology. The preparation and the analysis of the tissues were performed in a manner similar to that described before (43) . The bifurcation was fixed in 10% neutral buffered formalin at room temperature for Ͼ12 h. The tissues were then embedded in plastic (JB-4 embedding kit; Polysciences, Warrington, PA), serial sectioned at 3 m, mounted on glass slides, and stained with toluidine blue or hematoxylin-eosin. The tissues were examined using a light microscope (Olympus BX51WI). Five carotid bodies in each age group were analyzed to measure the sizes using a computer imaging program (Simple PCI 6.5; Hamamatsu, Sewickley, PA) with a digital camera for image capture (Retiga-SRV; QImaging, Surrey, BC, Canada). The carotid body in each section was delineated, and the area of the carotid body was calculated. The volume of the whole carotid body (m 3 ) was estimated as: ⌺[the area of each section (m 2 ) ϫ 3 m (the thickness of each section)] (43) .
Immunohistochemistry for tyrosine hydroxylase. To estimate the density of the glomus cells in the carotid body, immunohistostaining for tyrosine hydroxylase (TH) was utilized. The detailed rationale for this method was described previously (43) . As mentioned above, carotid bifurcations were fixed in zinc fixative (4), embedded in paraffin, sectioned serially at 4 -5 m, and mounted on a poly-Llysine-coated slide. Slides were deparaffinized with xylene followed by ethanol. Slides were then treated with 0.01 M citric acid (pH 8.0) for 5 min to retrieve antigens (37) . Immunohistochemical staining procedures were similar to those previously described (43) . In short, endogenous peroxidase was quenched with 1% H2O2 in PBS for 30 min, and endogenous biotin was blocked with an avidin/biotinblocking kit (Vector, Burlingame, CA). Other nonspecific binding was blocked with normal goat serum (1:20) . The sections were incubated with a polyclonal antibody against TH (Chemicon International, Temecula, CA; dilution: 1:500 to 1:2,000; made in the rabbit) overnight at 4°C followed by an application of biotinylated anti-rabbit IgG made in the goat (Vector; 1:2,000) for 1 h at room temperature. As a negative control, normal rabbit IgG (the same concentration as the anti-TH antibody) was used instead of anti-TH antibody. Subsequently, standard avidin-biotin-peroxidase techniques were applied by using VECTASTAIN Elite ABC kits (Vector). As a chromogen, Vector SG (Vector) was used. Between each step, the slides were washed in 0.1 M PBS. TH immunoreactivity was examined by using a light microscope (Olympus BX51WI). Five carotid bodies in each age group were obtained for further analysis. Several well-stained sections of each carotid body were selected. The area of the carotid body and the glomus cell area were measured using computer imaging software (Simple PCI 6.5). These areas were determined by two investigators to reduce subjectivity and increase accuracy of measurements. The carotid body area was determined by delineating the bounds of the carotid body ( Fig. 1A ). The glomus cell area was determined using the TH staining, seen in the cytoplasm of the cells, as well as the nucleus of these cells: the GC area ϭ (the area of TH-stained cytoplasms) ϩ (the area of the nuclei of TH-stained cells) ( Fig. 1B) . Adobe Photoshop 7.0.1 (Adobe, San Jose, CA) was used to create a contrasting black-white image of the GC area (Fig. 1C ). This black-white contrast image allows the imaging software (Simple PCI 6.5) to identify and measure an area that is only comprised of glomus cells. The density of glomus cells in a particular section (GC ratio) was determined according to the following equation: GC ratio (%) ϭ (the total area of the glomus cells/the area of the carotid body) ϫ 100. The mean of GC ratio of several sections (minimum 3 sections) represents the GC ratio of a particular carotid body.
Analysis for degeneration. Although bromodeoxyuridine (BrdU) has been used for rat pups to show proliferation of glomus cells (41) , this technique is not feasible for much smaller mouse pups. Instead, we utilized LC3 immunohistochemistry. LC3 is a marker for the autophagy of cells (33) . In these experiments, 1W-, 10D-, and 2W-old animals were used, because divergent changes in morphology were progressing during this period. A general treatment of slides is the same as described in Immunohistochemistry for tyrosine hydroxylase. Anti-LC3 antibody (Novus Biologicals, Littleton, CO; made in rabbit; 1/400 dilution) was applied at 4°C overnight followed by Texas Red conjugated anti-rabbit antibody (ABcam, Cambridge, MA; 1/2,000) for 2 h at room temperature. Subsequently, anti-TH antibody (Novus Biologicals; made in sheep; 1/100 dilution) was applied at 4°C overnight followed by FITC conjugated anti-sheep antibody (ABcam; 1/500 dilution) for 2 h at room temperature. Stained images were captured using an epifluorecent microscope (Olympus BX51WI) with the aid of Simple PCI software.
Gene-expression analysis. Total RNA isolation and DNase treatment were similar to what has been previously used in our laboratory using the TRIzol method (2) . Additionally some samples were extracted using PicoPure RNA isolation kit (Molecular Devices, Sunnyvale, CA) following the manufacture's protocol. Each set of sample contained 2-4 carotid bodies or SCGs. The quantity of total RNA samples was estimated using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). When the concentration was more than 3 ng/l, which was the detection limit of our RT-PCR system, cDNA was synthesized using the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA) following the manufacturer's protocols (43) .
RT 2 qPCR primer assays (SABiosciences, Frederick, MD) were used to analyze expression levels of our interested genes. The endogenous controls were mouse ␤-actin (Actb; PPM02945A) and TATA box binding protein (Tbp; PPM03560E). Experimental genes included Gdnf (PPM04315E), GDNF signaling receptor tyrosine kinase c-RET (Ret; PPM05472E), GDNF family receptor-␣1 (Gfr␣1; PPM04316A), Dlx2 (PPM04442A), Msx2 (PPM03170E), and Phox2b (PPM28976B). PCR amplification of cDNA was performed with a total volume of 25 l, comprising of 12.5 l of RT 2 SYBR Green Master Mix (SABiosciences), 1.25 l of RT 2 qPCR primer assay, 9.75 l of nuclease-free water (Sigma-Aldrich, St. Louis, MO), and 1.5 l of template cDNA. Real-time PCR amplification was performed in an Eppendorf Mastercycler ep realplex 2 (Eppendorf North America, Hauppauge, NY) according to the following protocol: 10 min at 95°C and 45 cycles of 95°C for 15 s followed by 60°C for 1 min. Individual cDNA samples were run in triplicates for each gene of interest, including endogenous controls.
After completion of real-time amplification, the amplification efficiency, crossing point, and corrected crossing point (cCP) of each run were determined using the methods of Data Analysis for Real-Time PCR (DART) (29) and Four-Parameter Logistic Model (FPLM) (40) . CAmpER 1.2 software (Center for Biotechnology, Bielefeld University, http://camper.cebitec.uni-bielefeld.de/) provided a simple and computerized tool for these analytical methods. Subsequently, average and SD of all readings in efficiency and cCP were calculated, and the readings outside of means Ϯ2 SD were eliminated from further analysis of the data. Also, if one reading in the triplicates was three cCP away from other two readings, it was eliminated from further analysis. A mean of the triplicates was calculated to represent a gene transcript of a particular sample. A total of six sets of carotid body samples in each age group were used for these analyses. All genes were examined from a single sample.
Statistics. Statistical analysis was performed using one-way ANOVA (between 4 age groups within a strain for the carotid body volume and GC ratio; between 3 age groups for gene expression analysis) and a Student's t-test (between the strains at a corresponding age group) with the aid of Prism 4.0 (GraphPad Software, La Jolla, CA). Further, for gene expression analyses, the Relative Expression Software Tool (REST 2009; Qiagen, Valencia, CA) was used. REST is based on the efficiency-calibrated model and employed randomization tests to determine differences in target gene expression between experiments (30) . Differences were considered significant if P Ͻ 0.05.
RESULTS

Morphological analysis. Carotid bodies and glomus cells at
1D and 1W demonstrated very similar gross morphology in both strains. The carotid body was identified by two trained investigators, and it showed similar size in both strains as seen in Fig. 2 (1D not shown). Glomus cells were abundant. At 2W of age, the carotid body of DBA/2J strain became clearly larger compared with the carotid bodies of younger ages. In A/J mice, the size of the carotid body did not apparently change through 1D to 4W, but the shape of the carotid body became irregular at 2W. At 4W, the carotid body of A/J began to exhibit a phenotype similar to that reported in the adult A/J's carotid body (43) . In regard to volumetric measurements ( Fig. 3) , the carotid bodies of both strains were similar at birth (1D). There was a trend of small increases in the carotid body size from 1D to 1W in both strains. In DBA/2J mice, the carotid bodies grew rapidly between 1W and 2W and maintained the volume between 2W and 4W. The volume of the carotid body at 4W in DBA/2J mice is significantly larger than that of the 1D and 1W and was comparable to the volume of the adult DBA/2J mice (43) . On the other hand, the growth of the A/J's carotid bodies was stunted. Strain differences were observed at 2W and 4W.
GC ratio. To estimate the density of the glomus cells in the carotid body section we calculated the GC ratio ( Fig. 1) . Figure 4 shows a summary of the results of the GC ratio analysis of the carotid body. In the DBA/2J strain, the GC ratio significantly decreased from 1D to 2W and appears to plateau at this age. The A/J strain exhibited a trend of continual decline in GC ratio. The values at 2W and 4W are significantly lower than that of 1D. At 4W, the GC ratio was significantly different between the strains.
Estimated total glomus cell volume. GC ratio represents a relative portion of the carotid body occupied by glomus cells. It does not reflect the increase or decrease in the carotid body volume. Because we measured carotid body volumes and GC ratios in four age groups in the two strains, we were able to estimate the changes in total glomus cell volumes. We calculated glomus cell volume (10 6 m 3 ) at a particular age using the following equation: mean carotid body volume ϫ (mean GC ratio Ϭ 100) ( Fig. 5 ). Similar to the volume of the carotid body, the total glomus cell volume at 1D was equivalent in both strains. In the DBA/2J mice, the estimated total glomus cell volume increased up to 2W and was maintained till 4W. In the A/J mice, the estimated total glomus cell volume reached maximum at 1W, and then, it decreased continually.
Analysis for degeneration of glomus cells. The question arises what causes the vast differences in the carotid body volume between the strains during development. One possibil-ity is the degeneration of tissues within the A/J's carotid body. The DBA/2J's carotid body showed no signal for LC3 at 1W, 10D, or 2W ( Fig. 6 , A-C). The A/J strain showed no staining at 1W (Fig. 6D) ; however, clear staining was seen in the carotid body starting at 10D ( Fig. 6E ) and continued a similar pattern through 2W (Fig. 6F ).
Real-time PCR. The major morphological changes occurred between the 1W and 2W time point, and therefore, we selected 1W, 10D, and 2W for analyzing expression of 6 genes of interest. Table 1 shows the ⌬cCP values between these genes No significant difference is found between the strains in the growth of the carotid body at 1D and 1W. DBA/2J strain has a significant increase in the volume of the carotid body from 1W to 2W, and has a significantly greater carotid body volume than the A/J strain at 2W and 4W. A/J strain shows no significant growth from 1D to 4W. Statistical analysis was performed using one-way ANOVA (between 4 age groups within a strain) and a Student's t-test (between the strains at a corresponding age group). *P Ͻ 0.05, values significantly different between strains. §P Ͻ 0.05, values significantly different from 1D. #P Ͻ 0.05, values significantly different from 1W. Scattergram shows the distribution of the GC ratio of the carotid body in the DBA/2J () and A/J (OE) mouse strains. Mean value is represented by the black line through the plotted values. No significant difference was found between the DBA/2J and A/J strains at 1D, 1W, and 2W. GC ratio is significantly different between the strains at 4W. Additionally, GC ratio is significantly less than 1D in the DBA/2J strain at 2W. The A/J strain has a significantly lower GC ratio than 1D at 2W and 4W, as well as a significantly lower GC ratio at 4W compared with 1W old within the strain. Statistical analysis was performed using one-way ANOVA (between 4 age groups within a strain) and a Student's t-test (between the strains at a corresponding age group). *P Ͻ 0.05, values significantly different between strains. §P Ͻ 0.05, values significantly different from 1D. #P Ͻ 0.05, values significantly different from 1W. and the reference genes (Act, Tbp, and the combination of the two). ⌬cCP values of Msx2 at 1W were significantly different between the strains in all analysis methods. ⌬cCP of Msx2 in the carotid body of the DBA/2J strain was 4 -6 cycles lower, i.e., 16-to 64-fold more expressed compared with the A/J strain. The REST analysis showed a similar result. Expression ratios of Msx2 in the A/J strain are significantly lower than those in the DBA/2J strain ( Table 2 ). Msx2 in the carotid body of the DBA/2J strain at 1W expressed 13-to 77-fold more compared with that of the A/J strain ( Table 2 ). In some ⌬cCP analyses ( Table 1 , Tbp-DART, and Act/Tbp-DART), Phox2b in the carotid body of the DBA/2J strain at 1W expressed more (ϳ4 -8 fold) compared with the A/J strain. Additionally, when Tbp was used as a reference gene and DART was used for determining cCP (Table 1) , three genes showed a difference within the DBA/2J strain (from 1W of age). However, these differences were not consistently seen in other analyses.
Because of the small size of these carotid bodies and the anatomical proximity of the SCG, the SCG could possibly contaminate the samples. Thus we tested if the SCG at 1W expressed a similar gene expression pattern to that in the carotid body. Tables 3 and 4 show the summary results of ⌬cCP and REST analyses. None of the genes examined showed a similar level of expression in the SCG compared with that of the carotid body. The expression of Msx2 in the SCG was much smaller than the carotid body and was not significantly different between the strains.
DISCUSSION
One purpose of this study was to examine the development of the carotid body in the DBA/2J and A/J strains. During adulthood, the carotid body of the DBA/2J strain is significantly larger with a greater percentage of glomus cells compared with the A/J strain (43) . These mice strains can be a useful tool to understand morphological changes and contributing genes during postnatal development. The results clearly wk; 10D, 10 days; 2W, 2 wk. Real-time PCR was performed on 6 genes including the following: glial cell line-derived neurotrophic factor (Gdnf), GDNF family receptor-␣1 (Gfr-␣1), GDNF signaling receptor tyrosine kinase c-RET (Ret), distal-less homeobox-2 (Dlx2), paired-like homeobox-2b (Phox2b), and homeobox msh-like-2 (Msx2). Reference genes used were mouse ␤-actin (Act) and TATA box binding protein (Tbp). Statistical analysis was performed using one-way ANOVA (between 4 age groups within a strain) and a Student's t-test (between the strains at a corresponding age group). Significant differences were found in Msx2 between 1W DBA/2J mice and 1W A/J mice in all analysis types (highlighted by bold font). Phox2b was found to be significantly different between 1W DBA/2J mice and 1W A/J mice in a couple analyses (bold and italicized). Additionally, significant differences were found within the strain sporadically. *P Ͻ 0.05, mean values significantly different between strains at the same age. †P Ͻ 0.05, mean values significantly different from 1W. Values shown are the expression ratio of the A/J strain when compared with the DBA/2J strain. Relative Expression Software Tool v 2.0.13 (REST 2009) was used for randomized, semiquantitative analysis of expression level differences of genes of interest between carotid bodies of DBA/2J and A/J strains. Msx2 was found to have a significantly lower expression in carotid bodies of 1W A/J mice compared with carotid bodies of 1W DBA/2J mice in all analyses (highlighted in bold). Additionally Phox2b was found to have significantly lower expression in a couple of instances (bold and italicized). *P Ͻ 0.05, values significantly different between strains.
show the differential postnatal growth of the carotid body between the two strains of mice.
A significant growth of the carotid body occurred between 1W and 2W of age in the DBA/2J mice. However, the carotid body of the A/J mice did not grow significantly (Fig. 3) . It has been shown in the cat carotid body that the volume increases significantly from birth to adult (10, 11) and that this growth is probably due to proliferation of glomus cells, sheath cells, and fibroblasts and not due to an increased volume of the vascular compartment (11) . Multiple groups have presented data, in vivo and in culture, that glomus cells do indeed proliferate or have the capacity to proliferate (15, 27, 41) . These observations were comparable to our results in the DBA/2J strain.
We did not count glomus cell numbers from the plastic embedded sections. JB-4 plastic embedded tissues are excellent for observing general morphology but not suitable for immunohistochemistry. Without TH immunostaining, the differentiation between glomus cells and other cells at the light Values shown are the expression ratio of the A/J strain when compared with the DBA/2J strain. REST 2009 analysis was used to analyze the data obtained from the gene expression of 1W SCG samples of DBA/2J and A/J mice. As seen with the ⌬Cp data, Dlx2 was the only gene to show a significantly lower expression in SCG of A/J mice when compared with SCG tissues of DBA/2J mice. *P Ͻ 0.05, values significantly different between strains. microscopic level is too ambiguous. Some "typical" glomus cells with a large ovoid nucleus and abundant cytoplasm are easily recognized. However, as often seen in the carotid body of the A/J strain, the identity of cells with elongated or distorted nucleus cannot be judged until the presence of TH is shown. With the aid of TH immunostaining, we calculated the GC ratio, which is a fair estimation of glomus cell density, i.e., the relative portion of the carotid body occupied by glomus cells. Further, we estimated a mean total volume of glomus cells in each age. The estimated total volume of glomus cells increased approximately sixfold from 1D to 2W old in the DBA/2J strain and it was sustained up to 4W (Fig. 5 ). We acknowledge that there is a certain amount of bias in our GC ratio measurements as well as estimated glomus cell volumes due mainly to the number of tissues available for successful immunostaining. Therefore, the interpretation of the data requires caution. Nonetheless, because we did not observe any prominent changes in sizes of TH-positive glomus cells during this period, the increase in estimated total glomus cell volume is most likely due to the increase in glomus cell numbers. Also, other cellular components in the carotid body are likely proliferating from 1D to 2W, because the density of glomus cells (the GC ratio) decreased while the carotid body volume increased. Different from the DBA/2J strain, the total glomus cell volume in the A/J strain increased from 1D to 1W (ϳ1.9 fold) but after 1W it decreased. This decrease may be, at least partly, due to autophagy of these cells, because LC3 immunoreactivity was seen in the carotid body of the A/J mice at 10D and 2W. During this period, LC3 was not found in the carotid body in the DBA/2J mice. These results suggest that cells in the carotid body of the A/J strain degenerate with age resulting in a lower number of glomus cells and a smaller volume of the carotid body compared with the DBA/2J strain. Thus the current study indicates that the distinctive morphological phenotypes of the carotid bodies in the two strains develop postnatally. Critical differences appear to occur between 1W and 2W of age.
Then, what influences the volume of the carotid body and glomus cells? Previous work suggests that environmental factors can influence the development of the carotid body. Chronic neonatal exposure to hyperoxia resulted in a significant decrease in carotid body volume (5, 14, 32) as well as glomus cell compartment volume (14) , while chronic exposure to hypoxia results in an enlarged carotid body in many mammals (3, 18, 19) . The enlargement is perhaps due to an increase in glomus cell cytoplasmic volume and hyperplasia of sheath cells (19, 26) . However, neither strain used in this study was exposed to hyperoxia or hypoxia at any point during development. The data presented here appear to reflect the genetic influence on the development of the carotid body.
Certain trophic factors may contribute to the growth of the carotid body. For example, Gdnf, along with its cofactor brain-derived neurotrophic factor, targets the development and survival of TH-positive cells of the petrosal ganglion neurons that project from the carotid body (13, 25) . Interestingly, the expression levels of Gdnf together with Dlx2, Msx2, and Phox2b are significantly greater in the carotid body of the 4W DBA/2J mice compared with that of the age-matched A/J mice (2) . In this study, we examined whether these genes are involved in the developmental diversity of the carotid body and glomus cells between the two strains. Because the morphological differences between the strains became apparent between 1 and 2W of age, we focused on this period. Initially, we assumed that Gdnf, its receptor Gfr-␣1, and the Ret pathway were responsible for the differential growth between these two strains due to the fact that Gdnf is essential for the formation of chemosensory petrosal neurons (13, 25) . Also, Gdnf is expressed more in the carotid body of the DBA/2J mice than that of the A/J mice at 4W (2). To our surprise, Gdnf and its receptors are not different between the strains, suggesting that the Gdnf-Ret pathway is not likely a contributor to the differential growth of the carotid body. The difference seen in Gdnf expression between the strains at 4W suggests that Gdnf may be responsible for the maintenance of the carotid body morphology.
Previous reports (12, 22, 23) have shown that Hoxa3, Mash1, and Phox2B are involved in the fetal development of the carotid body. These genes generally affect the tissues of sympatho-adrenal lineage in fetal development. However, these genes were not differently expressed between the strains. Although our current study was somewhat limited to draw a definite conclusion, catecholaminergic characteristics of glomus cells in the two strains of mice appeared to be relatively intact until 2W of age. TH, a key enzyme for cathecolmine synthesis, has been used as a classic marker for glomus cells in many species (24, 28, 42, 43) . In this study, the expression pattern of TH, shown in immunohistochemistry, in the glomus cells was similar, and the glomus cell cytoplasm of both strains is clearly and strongly stained. However, at 4W, the A/J strain demonstrates decreased GC ratio compared with 1W, suggesting some pathological processes begin to take place before 4W. Indeed, we find positive staining for LC3 ( Fig. 6 ), a common marker of autophagy in cells (33) , within the carotid body of the A/J strain but not of the DBA/2J strain. In regard to the expression levels of TH during development, Gauda et al. (17) , in the rat pup, presented that TH mRNA was present in glomus cells and that the expression level was higher at birth and decreases towards 21 days postnatal. Their findings agree with our current data.
The only gene that showed consistent differences with various comparison methods is Msx2. Msx2 gene is significantly less expressed in the carotid body of 1W A/J mice compared with that of DBA/2J mice. Although the current study does not provide any definite role of Msx2 in the morphological development of the carotid body, other studies have shown that Msx2 plays a role in the survival, differentiation, and proliferation of numerous cell types in vertebrates. They include cranial neural crest cells (20, 21) , cardiac neural crest cells (9), as well as teeth, hair follicles, and bones of the skull (36) . Thus it is tempting to suggest that Msx2 may play an important role in the proliferation and survival of glomus cells. However, the expression of Msx2 between 1W and 2W in DBA/2J mice did not change. Because the growth of the carotid body completed at 2W, one may expect the decrease in Msx2 expression at 2W, if this gene is involved in the proliferation of glomus cells. Nonetheless, one cannot rule out the possibility that low expression of Msx2 at 1W of age is, at least in part, responsible for preventing the growth of A/J's carotid body. The involvement of Msx2 together with other genes in fine tuning of neurogenesis and differentiation has been suggested (8) . Future studies using knockout mice would provide some insights as to whether and how Msx2 contributes to the morphological development of the carotid body.
Interpretation of gene expression analysis using a small tissue, such as the developing carotid body, must be undertaken with care. Because of the anatomical proximity of the SCG to the carotid body, the SCG could possibly contaminate the samples. However, comparing the gene expression pattern of SCG and the carotid body, we are confident to claim that the observed difference or indifferences between the strains are specific to the carotid body. When we compare the 1W of Tables 1 and 3 , Gdnf and Msx2 were expressed less in the SCG compared with the carotid body; Ret was more expressed in SCG; and the expression pattern of Phox2b between the strains was opposite in SCG compared with the carotid body. If the carotid bodies were contaminated by SCG, the gene expression pattern of the carotid body and the SCG would be consistent. Clear differences in gene expression patterns between the SCG and the carotid body indicate that the contamination is negligible in our experiments.
In conclusion, the carotid body of the DBA/2J strain appears to develop postnatally in a manner consistent with other animals. The A/J strain appears to manifest a pattern contrary to that of the DBA/2J strain: no volume growth and a decrease in glomus cell number. Additionally, the divergent development of the carotid body predominantly occurs between the 1W and 2W age points. The likely explanation for these differences in development can be attributed to a variety of genes and their interactions. Our results show that Gdnf and its family genes are not likely to be responsible for the differences. Msx2 may contribute to the lack of proliferation in the A/J strain, but further studies are necessary to clarify the genes responsible for morphological development of the carotid body.
